Refractory uranium ores containing uranium as multiple oxides typically require leaching at elevated temperatures (>75 °C) and acid concentrations (>50 g/L H 2 SO 4 ) in order to effectively extract the uranium. Some uranium ores contain large amounts of acid-soluble gangue, such as carbonates or soluble silicates and when the carbonate content exceeds approximately 8%, the acid consumption by gangue may render acid leaching uneconomical. In these situations, leaching in alkalinecarbonate is a potential option. The advantages of this approach include improved selectivity for uranium over other elements, reduced gangue dissolution and the ability to recycle the lixiviant. One disadvantage is slower rates of leaching and hence the need for finer grinding. However, when a uranium ore contains significant amounts of acid-soluble gangue with refractory uranium mineralisation (a double refractory ore), the process options are more limited. Refractory uranium minerals, such as brannerite, are often reported as slow to dissolve in alkaline carbonate media. If a double refractory uranium ore is to be processed effectively, it is necessary to understand the behaviour of minerals like brannerite in the alkaline leaching system. In the present study, a sample of brannerite was leached in a sodium carbonate solution (1 mol/L total carbonate) for 24 hours at temperatures from 50 to 90 °C. The effect of potassium ferricyanide (25 mmol/L) added as an oxidant was also examined. All residues were characterised by XRD and SEM-EDX techniques, and both uranium and titanium dissolution rates were monitored. Uranium extraction reached 83% after 24 hours of leaching. The leaching rate showed a high dependence on temperature with an activation energy of 45 kJ/mol. The residue was pitted, similar to what has been observed previously after leaching in acidic media. At 80 °C and 90 °C, the titanium re-precipitated within the pits, potentially slowing the dissolution process.
Introduction
Many uranium deposits including some in northern Queensland (Wilde et al., 2013) and in central Ukraine (Cuney et al., 2012) contain refractory uranium mineralisation associated with alkaline gangue. There is very little information available in the literature on the alkaline leaching of such ores. Alkaline lixiviants are not typically used in the leaching of refractory uranium minerals, such as
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2 brannerite (Gilligan and Nikoloski, 2015a) , as they tend to produce only slow dissolution. It may sometimes be necessary to consider leaching an ore under alkaline conditions however, when the ore contains high amounts of acid consuming gangue minerals such as calcite or dolomite, or gangue minerals such as apatite which can also dissolve in acid, releasing species which inhibit uranium extraction . If an ore is too high in acid soluble minerals such as carbonates, acid leaching becomes uneconomical. The exact cut-off point will vary from ore to ore, though it is typically around 8% (IAEA, 1993; Yan and Connelly, 2008) . If a double refractory uranium ore is to be processed effectively under alkaline conditions, it is necessary to understand the behaviour of minerals like brannerite in the alkaline leaching system.
Current evidence suggests that brannerite will dissolve slowly in alkaline media under oxidising conditions according to the following reaction: Higher temperature and/or oxygen pressure will increase the rate of this reaction. Alkaline leaching is often performed in autoclaves (IAEA, 1993) . Potassium ferricyanide, K 3 Fe(CN) 6 and potassium permanganate, KMnO 4 may also be used as oxidants ( Figure 1 ) and are among the most effective of the many oxidants tested for alkaline leaching (Magno and DeSesa, 1957) .
Figure 1. Pourbaix diagrams showing the speciation of uranium (A) and titanium (B) with stability fields for ferricyanide (C) and permanganate (D) under alkaline leaching conditions.
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3 All potentials were calculated in HSC Chemistry v7.1.1 (Roine, 2011 ) assuming a temperature of 70°C and a pH of 10.0. Calculated potentials show that permanganate is a stronger oxidant than potassium ferricyanide (Reaction 2 and Reaction 3).
Fe ( However, permanganate is potentially less effective for leaching as the product is insoluble. Magno and DeSesa (1957) observed a manganese dioxide coating forming on uraninite during leaching with permanganate in carbonate media. Ferricyanide was said to be much more effective for uranium oxidation (Magno and DeSesa, 1957) due its ability to be regenerated with oxygen similar to the role of iron in sulphuric acid leaching. This process has been successfully trialled in a uranium leaching plant in New Mexico. Further tests showed that ferricyanide could be generated in the grinding mill (Reaction 4) through the addition of commercially available calcium cyanide for a lower cost than adding Na 3 Fe(CN) 6 into the leaching circuit (McLean and Padilla, 1960) .
High concentrations of hydroxide formed as a by-product of oxidation can cause sodium diuranate to precipitate out (Reaction 5). The presence of bicarbonate along with carbonate ions will buffer the pH (Reaction 6) and prevent this undesirable side reaction (IAEA, 1993 Plotting the Pourbaix diagram from Figure 1A at different temperatures and carbonate concentrations ( Figure 2) shows that the same species are stable from 50 to 90°C. The upper limit of the brannerite stability region moves to a lower E h as the temperature increases. Variations in carbonate concentration have a much larger effect on the stability of solid phases than variations in temperature ( Figure 2 ). With the pH buffered around 9.5-10.0 by the carbonate system, it is expected that uranium within brannerite will be oxidised and dissolve as UO 2 (CO 3 ) 3 4-ions in alkaline carbonate media. Such thermodynamic predictions say nothing about the rate however. Alkaline leaching of brannerite was A C C E P T E D M A N U S C R I P T 4 investigated to assess the viability of applying this technique to doubly refractory ores, and to compare it against earlier work with acidic media.
Materials and methods
Leaching experiments 2.1
A sample of brannerite from the Dieresis deposit near Cordoba in the Sierra Albarrana region of Spain (used in earlier work -see was leached with 1.00 M total carbonate (typically as 0.66 M NaHCO 3 and 0.34 M Na 2 CO 3 ) at 50-90 °C for 24 hours with 25 mM K 3 Fe(CN) 6 (equivalent to 1.4 g/L Fe 3+ ) added as an oxidant. The 70 °C test was repeated with 0.80 M NaHCO 3 + 0.20 M Na 2 CO 3 and 0.50 M NaHCO 3 + 0.50 M Na 2 CO 3 . The 70 °C, 0.66 M NaHCO 3 and 0.34 M Na 2 CO 3 test was repeated with 10 mM K 3 Fe(CN) 6 and 3 mM KMnO 4 as oxidants.
Analyses
2.2
All SEM, EDX and XRD analyses were performed according to the methods described in . All aqueous samples were assayed for uranium and titanium by ICP-MS by a local commercial mineral laboratory.
Results and discussion
Leaching kinetics 3.1
Leaching in alkaline media was much slower than in acidic media. It is likely that extraction would have continued to increase had the experiments been continued beyond the standard 24 hour period. The ratio of uranium to titanium extraction was much higher in alkaline media compared with acidic media (Gilligan and Nikoloski, 2015b) . This agrees with the SEM-EDX results ( Figure 11 , Figure 13 ) that show large amounts of titanium oxide with very little uranium, completely unlike the acidic leaching residues.
Varied temperature and activation energy 3.1.1
As in the acid leaching experiments (Gilligan and Nikoloski, 2015b) , the rate of dissolution showed a strong dependence on temperature. Up to 83% of the uranium dissolved over 24 hours at 90 °C. In acidic media, comparable extractions were achieved in one hour of leaching at similar temperatures.
A C C E P T E D M A N U S C R I P T At 80-90 °C the titanium concentration in solution dropped. This was attributed to the formation of a secondary titanium oxide phase. This process began after around five hours (Figure 3 ). Typically, this process began after around one hour in acidic media (Gilligan and Nikoloski, 2015b) . This process explains the titanium oxide coating observed on some brannerite particles leached at 90 °C ( Figure  11 ).
Brannerite is known to vary in composition and crystallinity between deposits , and this is known to affect how readily the brannerite is leached. Different brannerite specimens leached under the same set of conditions will react at different rates (Charalambous et al., 2014) . The same conditions used in this study were also applied to a high brannerite refractory uranium ore from Queensland. The results are compared in detail in part 2 of this paper (Gilligan and Nikoloski, under review) . In brief: similar extractions were observed overall, though there was less of a dependence on temperature.
The rate of both uranium and titanium dissolution from this specimen in alkaline media was strongly dependent on temperature. Linear Arrhenius plots were obtained for both uranium and titanium dissolution between 50 and 90 °C. The activation energy for both uranium and titanium dissolution was much higher in alkaline media than acidic media ( A C C E P T E D M A N U S C R I P T The calculated activation energy for the brannerite dissolution process was 45 kJ/mol for uranium extraction and 80 kJ/mol for titanium extraction. This is higher than the measured activation energy for leaching the same sample in acidic lixiviants (Table 1 ; Gilligan and Nikoloski, 2015b) , but lower than other results obtained for the leaching of brannerite in alkaline solutions (Zhang et al. 2001) . (Gilligan and Nikoloski, 2015b Zhang et al. (2001) leached synthetic brannerite in buffer solutions between pH values of 2.1 and 11.9 at temperatures between 25 and 75 °C. The activation energy for uranium release varied with pH. The activation energy for uranium release was determined to be 58.8 kJ/mol at pH 9.8 with a borate buffer based on tests at 50 and 75 °C. This pH value is close to that used in this study, approximately 9.7 -9.8 with a HCO 3 -:CO 3 2-ratio of 2. ACCEPTED MANUSCRIPT
The activation energy for uranium release determined in this study (45.4 kJ/mol) was lower than that obtained by Zhang et al. (2001) at a similar pH (9.8) in a boric acid/sodium borate buffer solution. It is possible that carbonate ions, through the formation of stable uranyl carbonate complexes reduce the activation energy for uranium release.
This activation energy was quite close to the value obtained by Hiskey (1979) for the oxidative dissolution of a sintered UO 2 rotating disk electrode in alkaline carbonate media using a similar lixiviant to that used in this study (10 mM K 3 Fe(CN) 6 in 0.5 M total carbonate at pH 9.8). Leaches were run at five temperatures from 25 to 50°C and the activation energy was determined to be 43.5 kJ/mol. Similar activation energies were obtained with pressurised oxygen as an oxidant. Values of 42.9 and 46.9 kJ/mol were obtained with oxygen pressures of 1.0 and 7.8 atmospheres respectively.
De Pablo et al. (1999) examined this reaction in greater detail. The coordination of surface uranium (VI) in uraninite by bicarbonate ions between 10 and 60°C was determined to have an activation energy of 35.7 ± 0.2 kJ/mol by de Pablo et al. (1999) . The oxidation of uranium (IV) by oxygen had an activation energy of 89 ± 16 kJ/mol. Final extractions were much higher in acidic media at similar temperatures compared with alkaline carbonate media.
Varied carbonate: bicarbonate ratio 3.1.2
The total carbonate concentration was kept constant across all alkaline leaching experiments at 1.00 mol/L. A change in the ratio of carbonate to bicarbonate made very little difference to the rate of dissolution. Based on the calculated pK a of bicarbonate ions at 70 °C (10.0), the pH was 9.4, 9.7 and 10.0 for the three different ratios. Based on the Pourbaix diagrams presented in Section 1, this is too low for undesirable side reactions such as the formation of sodium diuranate ( Figure 1A , Figure  2 ). 
The near identical extraction rates for uranium and titanium in Figure 5 in the first five hours suggest that the speciation of carbonates and/or the pH has minimal effect on the rate of uranium dissolution under these conditions.
Alternative oxidants 3.1.3
The rate of dissolution for 10 mM and 25 mM ferricyanide were nearly identical (see Figure 6 ). We conclude that the limiting concentration of ferricyanide is less than 10 mM. Further tests are needed to determine the minimum effective concentration of ferricyanide. Both uranium and titanium dissolved faster with ferricyanide than permanganate as an oxidant. The rate of leaching dropped significantly after the first hour of leaching with permanganate, while it took around 5-8 hours for the same to happen with ferricyanide (see Figure 6 ). The concentration of ferricyanide did not affect the rate of uranium dissolution over the range of concentrations studied. 10 mM ferricyanide was just as effective as 25 mM ferricyanide, suggesting that oxidation of uranium was not the rate-determining step under these conditions.
A solution containing 3 mM KMnO 4 will oxidise the same amount of reduced material as the same volume containing 9 mM K 3 Fe(CN) 6 . 3mM KMnO 4 proved to be a much less effective oxidant than 10 mM K 3 Fe(CN) 6 however, pointing to differences between the actions of the two oxidants.
Both oxidised and reduced forms of ferricyanide are soluble in water and stable around pH 9-10, and it is likely that some Fe(CN) 6 4-was re-oxidised by air. Permanganate instead forms insoluble manganese dioxide when acting as an oxidant in alkaline media. Manganese dioxide has been observed forming as a coating on uraninite particles during leaching at 70 °C (Magno and DeSesa, 1957) .
Permanganate is an effective oxidant for uraninite in alkaline carbonate media. Uraninite dissolved much faster than the brannerite used in this study under similar conditions (Magno and A C C E P T E D M A N U S C R I P T 9 1957). Differences in the rates of dissolution are most likely due to the refractory nature of brannerite and the difficulty of getting titanium into solution in alkaline media. It is likely that the particle size distribution had an effect as well, but it is difficult to compare given the lack of detailed information about particle size provided by Magno and DeSesa (1957) . Brannerite dissolves much more slowly than uraninite with ferricyanide as an oxidant under similar conditions.
Correlations between uranium and titanium extractions 3.1.4
The ratio of titanium to uranium extraction varied significantly with temperature. Leaching at 60 °C, the Ti/U mole ratio approached the value of 2.6 typically seen in acid leaching, though it took much longer to get there. In acidic media, this apparently limiting ratio was typically reached within one hour of leaching (Gilligan and Nikoloski, 2015b) . The decrease in the Ti/U ratio at 70 °C and above was attributed to the formation of secondary titanium oxide. Compared with the acid leaching experiments (Gilligan and Nikoloski, 2015b) , it took much longer for this to occur. The titanium concentration only began to drop after around five hours of leaching. As the initial rate of dissolution was much lower in alkaline media, it is possible that the later onset of precipitation was due to a longer lead-time required to reach a limiting concentration.
The drop in titanium concentration happened faster at 90 °C compared with leaching at lower temperatures. While the calculated solubility of titanium oxide decreases with increasing temperature in acidic media reaching a minimum around 120-130 °C, calculations suggest that the solubility of titanium dioxide remains constant around pH 9-10 at 50-90 °C. as the dominant aqueous titanium species over this pH range (Knauss et al., 2001; Schmidt and Vogelsberger, 2009) .
When the alkaline leaching data was added to the scatter plot from Gilligan and Nikoloski (2015b) , the alkaline leaching extractions are clustered in a separate region to the acidic leaching extractions (see Figure 8) . The sulphuric acid leaching data points were clustered along the 2.6:1 Ti/U mole line while the alkaline leaching points were further away from this line. Compared with acidic media, carbonate media was much more selective for uranium over titanium. Titanium does not dissolve readily in alkaline media. In acidic media, the acid present attacks titanium, which likely increases the rate of uranium dissolution. This does not occur in alkaline media, which explains the lower ratio of uranium to titanium dissolution in alkaline media compared with acidic media (Figure 8 ).
Uranium forms stable complexes with both sulphate and carbonate ions (NEA, 2003) , and may be leached with either (Clegg and Foley, 1958; Galkin et al., 1964; Merritt, 1971; IAEA, 1993) . While titanium forms complexes with sulphate and chloride ions, it does not form complexes with carbonate ions. At the same time, the solubility of titanium dioxide, both as rutile (Knauss et al., 2001; Schmidt and Vogelsberger, 2009 ) and as anatase, is low at around pH 9.5-10, the conditions used in these leaching experiments. 
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Of the main elements in this brannerite sample, only uranium is expected to be soluble under these conditions. Zhang et al. (2003) observed minimal interaction with Ti and bicarbonate at pH 8 when leaching synthetic brannerite in bicarbonate solutions. Similarly, Thomas and Zhang (2003) found that variations in carbonate concentration had no effect on the rate of titanium dissolution from synthetic brannerite. The lack of strong titanyl complexes in alkaline carbonate media may also explain the slow formation of secondary anatase in alkaline media compared to acidic media.
Leached residue characterisation 3.2 X-ray diffraction 3.2.1
As with the residues from the acid leaching experiments , the broad humps from 20-35 and 40-65° 2θ in the diffraction patterns associated with metamict brannerite disappeared after leaching in alkaline media (Figure 9 ). 
Anatase was the main phase identified in the 70 and 90 °C alkaline (ferricyanide) leach residues, but was not as prominent as in the 96 °C acidic ferric sulphate leach residues . Crystalline thorutite and calcite were also identified in the leached residues (the crystalline thorutite phase was also resistant to acid leaching ).
A five pass scan of the residue from the most intense alkaline leaching experiment (25 mM K 3 Fe(CN) 6 , 90 °C) showed the presence of calcite and anatase among the leaching products. Rutile was not identified in the residue, though there was a weak thorutite peak visible at 28.0° 2θ.
The polymorph of titanium dioxide formed during leaching will vary with the speciation of titanium (Dambournet et al., 2010) and the pH. Li and Demopoulos (2008) neutralised TiCl 4 with MgO to pH 2.5-6.0 at 95 °C and produced mixtures of anatase and rutile. As the pH increased, so did the anatase content of the product. Zhang et al. (2003) observed different polymorphs of titanium dioxide after leaching brannerite at pH 2 and pH 11. Anatase and brookite formed at pH 2, while amorphous fibrous titanium oxide formed at pH 11. This may explain the poorly crystalline nature of the secondary anatase phase produced under the conditions used in this study (pH 9.4-10.0).
In the current experiments, anatase was the only polymorph of titanium dioxide detected in the alkaline leach residues, but the anatase peaks in the alkaline residues were not as prominent as those in the acid leaching residues . Sulphate is known to promote anatase formation (Dambournet et al., 2010) . Dambournet et al. (2010) studied the effect of various ions on the formation of titanium dioxide. Nitrate, which forms weak complexes with titanium, resulted in poorly crystalline anatase, while sulphate improved the crystallinity of the anatase (Dambournet et al., 2010) . This may explain the difference in crystallinity between the secondary anatase that forms in alkaline carbonate media compared to acidic sulphate media.
While calcium only made up 1.9% of the mass of this brannerite sample, calcite was clearly visible among the leaching products. The solubility of calcite is quite low under these conditions in this experiment. Calculations with HSC Chemistry v7.1.1 (Roine, 2011) indicate that the K sp for calcite decreases from 3.01 x 10 -9 to 9.52 x 10 -10 as the temperature is increased from 50 to 90 °C. The natural alteration of calcium titanate (perovskite) to calcite and anatase has been observed in carbonate bearing water (Thompson, 1990) . In the first stage, calcium dissolves and anatase forms: CaTiO 3 + 2 H 2 CO 3 → TiO 2(anatase) + Ca(HCO 3 ) 2(aq) + 2 H 2 O Reaction 7
In the second step, calcite precipitates from solution.
Ca(HCO 3 ) 2(aq) → CaCO 3 + CO 2 + H 2 O Reaction 8
It is likely that a similar process was occurring during these leaching experiments, after the initial dissolution of calcium and uranium from brannerite. Some calcium rich zones were identified within secondary titanium oxides in the leached residues ( Figure 13, Figure 14 ).
Scanning electron microscopy 3.2.2 SEM images of particles leached in alkaline media for 24 hours showed much less visible corrosion than those leached in acidic media for five hours at similar temperatures . Particles leached at 50 °C for 24 hours showed some small pits on the surface, along with some linear regions on the surface which appeared darker on BSE images. The same features were more pronounced on particles leached at 70 °C for 24 hours.
There was very little visible corrosion after 24 hours of leaching, which suggests slow dissolution.
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Previous work with acidic lixiviants indicates that the lead/silicon rich areas surrounding altered zones and linear inclusions of uranium oxides are particularly susceptible to leaching . These features are associated with cracks in the original brannerite. While particles leached at 50-70 °C showed some signs of pitting, those leached at 90 °C took on rounded shapes. EDX analyses indicate that this material consists of titanium oxide with minor amounts of sodium. A few fragments of porous corroded brannerite were visible protruding from the rounded titanium oxide particles (Figure 10 ). Images and element maps of cross sections of these particles showed corroded brannerite with rounded titanium oxide filling the leach pits ( Figure  11 ). The pitting observed after leaching with potassium ferricyanide for 24 hours at 70 °C was similar to that observed in the residues leached in sulphuric acid media around 36-52 °C. These similarities were also apparent in the polished sections of the alkaline leach residues. The outer approximately 10 μm of the particles leached at 70 °C took on a ragged appearance, similar to acid residues leached at around 52 °C. The pits were not as deep as those seen in the acid leaching experiments (up to 20 μm), despite the longer leach times. The uranium and titanium content of the ragged rim of the leached particle dropped off together at a constant ratio (points A-B on line 1 in Figure 12 ). This is similar to the ragged corroded rims of particles leached in sulphuric acid at 36-52 °C . There was no sign of a titanium-enriched layer within the resolution of the microscope (~1 μm). There were elevated levels of lead and silicon at the edges of the titanium rich bands running through the particle in Figure 12 , similar to the naturally altered zones in the unleached material (Lumpkin et al., 2012; . Sodium, calcium and lead were also present in the titanium oxide layer. The sodium most likely originated in the lixiviant (~30 g/L Na) while calcium and lead were minor components of the brannerite (~2%, see Gilligan and Nikoloski, 2015b) . Both lead and calcium form insoluble carbonates with calculated K sp values of 3.51 x 10 -13 and 1.76 x 10 -9 at 70 °C respectively (Roine, 2011) .
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Calcium was unevenly distributed and present in lumps ~5 μm wide and as a minor component of the brannerite (Figure 13, Figure 14) . Small crystals of calcite were observed on the surface of leached brannerite particles. These particles are most likely the same calcite phase identified by XRD. Sodium however was distributed throughout the titanium oxide layer and almost completely absent from the brannerite (Figure 13, Figure 14) .
A C C E P T E D M A N U S C R I P T Figure 13 . Uranium, titanium, calcium and sodium maps of a brannerite particle leached in 25 mM K 3 Fe(CN) 6 , 0.67 M NaHCO 3 and 0.33 M Na 2 CO 3 at 90°C. The same particle is shown in Figure 14 .
The even distribution of sodium suggests that it was incorporated into the anatase as it was forming. Sodium may be incorporated into anatase and brookite under alkaline conditions as Na 2 Ti 6 O 13 (Meng et al., 2004) . Calculations indicate this phase is stable under these leaching conditions ( Figure 1B ).
The calcite precipitate was difficult to see on the backscattered electron images despite having a low average atomic number (Z avg ) value (12.6) compared to TiO 2 (Z avg = 16.4) and Na 2 Ti 6 O 13 (Z avg = 15.7). There is sufficient difference between these Z avg values for them to be distinguishable in backscattered electron images (Reed, 2005) . Calcite was clearly visible on the element maps and line analyses however. Line 1 in Figure 14 shows two sharp spikes in calcium content (points I and J) in roughly the same area as the bright red regions in the Ca K maps in Figure 13 . Two linear regions are visible at left and centre of the brannerite particle in Figure 13 and Figure 14 . These zones are darker than the brannerite on the backscattered electron SEM image and are surrounded by elevated levels of lead and silicon. These areas underwent less corrosion than the surrounding brannerite.
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These areas resemble altered zones in the unleached material , similar to the altered brannerite phase described by Lumpkin et al. (2012) . The centres of these altered zones seem to be less soluble than the surrounding altered brannerite, resulting in the appearance of linear zones of titanium rich material protruding from the. Similar features were observed in brannerite leached in sulphuric acid and sodium carbonate.
The uranium content drops off sharply at the edge of the leached brannerite core, similar to the porous reaction front at the edge of brannerite particles leached in acidic media . The titanium oxide coatings formed during leaching at 90 °C were mostly free of uranium ( Figure 13, Figure 14) . The leaching kinetics results (Figure 3 ) suggest that this material formed from dissolved titanium in later stages of leaching.
Brannerite leached for five hours at 70°C with 3 mM potassium permanganate as an oxidant) showed barely any signs of corrosion. Manganese was detected in several EDX analyses of particles from the permanganate leach, but not inside the brannerite particles however. This suggests that manganese only formed a very thin layer on the outside of the leached brannerite particles. Based on the amount of uranium dissolved, there would have been around 6.5 mg of manganese dioxide formed, equivalent to 1.8% of the residue mass. Most of the manganese remained in solution. The solution was still dark purple at end of the experiment, indicative of a high residual permanganate concentration. Manganese dioxide has also been observed to form on the surface of uraninite particles during alkaline leaching of uraninite with permanganate as an oxidant (Magno and DeSesa, 1957) .
Reaction mechanisms for carbonate leaching 3.3
The dissolution of brannerite in carbonate solutions has been reported to take place through a twostep process. In the first step, uranium is oxidised from the tetravalent to the hexavalent state. In the second, uranium (VI) forms complexes with carbonate and enters the solution . Without carbonate, oxidation of uranium dioxide in alkaline media results in the formation of insoluble uranium trioxide at the surface, inhibiting dissolution. This has been observed in electrochemical work on uranium dioxide in alkaline media (Goldik et al., 2006) . Most other studies on the leaching of brannerite in alkaline media used oxygen as an oxidant (Scott, 1982) or no oxidant at all (Zhang et al., 2001; Thomas and Zhang, 2003; Zhang et al., 2003) . Ferricyanide oxidises uranium dioxide much faster than oxygen in alkaline carbonate media (Magno and DeSesa, 1957; McLean and Padilla, 1960; Needes et al., 1975) . It is thought that the same applies to brannerite.
The concentration of the ferricyanide oxidant had no effect on the rate of uranium dissolution in these experiments, so it would appear that the oxidation of uranium was not the rate-determining step.
Studies have previously shown the rate of brannerite dissolution in alkaline carbonate media is dependent on the concentration of carbonate species . Zhang et al. (2003) determined that the rate of uranium release from brannerite was proportional to the square root of bicarbonate concentration at pH 8 and 40°C. Hiskey (1979) and De Pablo et al. (1999) observed a similar relationship between carbonate concentration and uranium dissolution rate under similar conditions with uraninite. Therefore, it seems likely that complexation of uranium by carbonate was the rate determining step in the experiment reported in this paper. Tests with lower carbonate concentrations and a similar pH and oxidant concentration would be required to verify this. It is also possible that the results are due to the brannerite being partially oxidised to begin with. Electron energy loss spectroscopy (EELS) by Colella et al. (2005) showed that the average oxidation state of uranium in Sierra Albarrana brannerite (the same material used in this study) was 4.8.
Conclusions
Brannerite has been shown to dissolve in alkaline media under practicable conditions. However, compared with the leaching of the same material in acidic ferric sulphate media, the rate of dissolution was much lower, and the activation energy for the alkaline leaching process was higher. If brannerite-containing ore is to be leached in alkaline media, higher temperatures and longer residence times are needed. Pressure leaching should possibly be investigated as a better option for the alkaline leaching of refractory uranium ores.
Brannerite particles leached in alkaline media were pitted, but to a lesser extent than those leached in acidic media for a much shorter time. Similar to the acidic residues, line EDX analyses showed uranium and titanium dropping off together across the porous reaction front at the edge of the particle. No titanium-enriched layer was seen within the resolution of the microscope. At the highest temperature, the leached brannerite particles were coated in titanium oxide, but this layer appears to have formed after the initial leaching phase. There was a sharp transition between the leached brannerite core and the titanium oxide coating in EDX line analyses of these particles.
Ferricyanide was found to be an effective oxidant for brannerite in alkaline media. Despite being a stronger oxidant, potassium permanganate was less effective. The rate of brannerite leaching was nearly identical in 10 and 25 mM ferricyanide. It is suggested that complexation of uranium by carbonate ions is the rate-determining step. Tests at lower concentrations of ferricyanide are recommended to determine the minimum effective dose.
Despite the low rate of leaching, alkaline leaching may still hold advantages in other situations. Metasomatite uranium deposits such as those near Mount Isa in Queensland (Wilde et al., 2013) and in the Central Ukrainian Uranium Province (Cuney et al., 2012) contain brannerite with alkaline gangue minerals such as calcite and dolomite. The leaching conditions tested in this study were repeated on ore from a metasomatite uranium deposit near Mount Isa in Queensland (Gilligan and Nikoloski, under review) and found to be effective.
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 Brannerite is shown to dissolve in alkaline media under practicable conditions  Higher temperatures and longer residence times are needed than acid leaching  Ferricyanide is an effective oxidant  Complexation of uranium by carbonate ions appears to be the rate-determining step  U and Ti dissolve congruently  Leached particles are pitted and coated in precipitated titanium oxide  Alkaline leaching may hold advantage for deposits that contain brannerite in alkaline gangue
